The nature and properties of the 20S ribonucleic acid which accumulates only during the sporulation of Saccharomyces cerevisiae were examined. The 20S ribonucleic acid (RNA) has a base composition considerably different from ribosomal RNA species and is virutally unmethylated. The 20S RNA did, however, exhibit approximately 70% homology with 18S RNA by RNA-deoxyribonucleic acid filter hybridization competitions. The 20S RNA showed a hybridization saturation plateau level 30 to 40% higher than 18S, consistent with measurements of the size difference in polyacrylamide gels. Pulse-chase experiments in the presence and absence of cycloheximide indicate that the 20S RNA has a presumptive relationship to the 20S ribosomal RNA precursor normally observed only in short pulse-labeling in vegetative cells.
The nature and properties of the 20S ribonucleic acid which accumulates only during the sporulation of Saccharomyces cerevisiae were examined. The 20S ribonucleic acid (RNA) has a base composition considerably different from ribosomal RNA species and is virutally unmethylated. The 20S RNA did, however, exhibit approximately 70% homology with 18S RNA by RNA-deoxyribonucleic acid filter hybridization competitions. The 20S RNA showed a hybridization saturation plateau level 30 to 40% higher than 18S, consistent with measurements of the size difference in polyacrylamide gels. Pulse-chase experiments in the presence and absence of cycloheximide indicate that the 20S RNA has a presumptive relationship to the 20S ribosomal RNA precursor normally observed only in short pulse-labeling in vegetative cells.
A number of major biochemical and structural changes accompany sporulation of Saccharomyces cerevisiae. One of the most striking events is the appearance of a sporulation-specific 20S ribonucleic acid (RNA). Kadowaki and Halvorson (6, 7) showed that this RNA is not produced by haploid cells even when placed in sporulation medium, nor by diploid cells (capable of sporulation) during the vegetative state. The 20S RNA was found to accumulate to a level of approximately 4% of the total cellular RNA by the end of sporulation. The role of this RNA was not identified.
Several observations have been published which add to the confusion about the identity of 20S RNA in yeast. Udem and Warner (17) observed that, during the processing of ribosomal RNA in vegetative cells, the 20 and 27S precursor RNA species accumulate prior to the formation of the two mature ribosomal RNA species. The 20S RNA which appears during vegetative growth has only a transient existence and does not remain as a stable species. On the other hand, Van Den Bos and Planta (18) observed a 20S RNA during the vegetative maturation of ribosomal RNA in S. carlbergensis and reported that a one-dimensional polyacrylamide gel electrophoresis of a ribonuclease of a T, digest of this 20S RNA was not at all similar to the mature 18S RNA in this species. Thus, in S. cerevisiae, vegetative RNA processing precedes the obligate 20S RNA precursor, whereas in S. carlbergensis 20S RNA, which is transiently labeled during vegetative growth, may not be a precursor of the final 18S RNA.
It therefore seemed necessary to further characterize the sporulation-specific 20S RNA which appeared as a stable species in S. cerevisiae. Additional chemical characterization included reexamination of the base composition of this RNA species and a determination of the degree of methylation of 20S RNA. In addition, the homology between 20S RNA and 18S RNA was examined by RNA-deoxyribonucleic acid (DNA) hybridizations and by hybridization competition experiments. Finally, the kinetics of RNA labeling during sporulation was examined to give some indication of the precursor product relationship between 26, 18, and 20S RNA.
MATERIALS AND METHODS
Organism and cultivation. S. cerevisiae D649, a diploid strain, was used in these experiments. The conditions for cultivation in yeast extract-peptone (YEP) medium and sporulation in potassium acetate medium were previously described (5) .
Isolation of RNA. The cells were broken in the French press as described by Bhargava and Halvorson (1) and extracted five times with an equal volume of ether to remove the phenol. Ethanol was added to the aqueous phase to a final concentration of 67%, and the precipitated RNA was collected by centrifugation. The crude RNA was further purified by polyacrylamide gel electrophoresis.
Polyacrylamide gel electrophoresis. Gels (3%; 9 mm diameter) were prepared by the method of Loening (9) and run at 10 mA per gel for 12 hr for both analytical and preparative procedures. The gels were sliced into 1-mm sections on a Joyce-Lobel gel slicer. For analytical runs, the slices were dried onto paper strips and counted by using toluene-based scintillation cocktail containing 4 g of 2,5-bis-(2-[5-tert-butylbenoxazoly])-biophene per liter in a Beckman LS250 liquid scintillation spectrometer. Where 3H was used, slices were dissolved with 0.5 ml of H202 at 80 C for 8 hr. The dissolved slices were then counted in 10 ml of Bray's solution (3) . In preparative procedures, the gel slices were placed in scintillation vials containing 1 ml of a GE buffer (0.005 M EDTA, pH 7.2, 0.1 M NaCl) and counted directly using Cerenkov emmissions. Peak slices were pooled, and an additional 1 ml of GE buffer was added. The slices were allowed to elute overnight in the cold with gentle agitation. The S2P counts (85-90%) were eluted in this fashion. Ethanol was then added to a final concentration of 55%. 5 min. Cells passed through the cell under pressure of 4,000 psi. Solid NaCl was added to the extract to a final concentration of 1 M. Pronase (Calbiochem), preheated for 5 min at 80 C, was added to a final concentration of 1 mg/ml. This extract was incubated for 2 hr in a boiled dialysis bag at 37 C against SSC (0.15 M NaCl, 0.15 M sodium citrate, pH 7.0). This extract was deproteinized by shaking with an equal volume of chloroform-isoamylalcohol (24: 1) for 30 min on a wrist shaker. The mixture was centrifuged, the upper layer was removed, and the DNA was precipitated by the addition of two volumes of ice-cold ethanol. The precipitate was collected by centrifugation to avoid any preferential loss of ribosomal RNA (rRNA). The crude precipitate was dissolved in 0.1 x SSC and made up to 1 x SSC with 10 x SSC. Ribonuclease was added to a final concentration of 5 ug of pancreatic ribonculease (Calbiochem) per ml and 10 units of T,-ribonuclease (Calbiochem) per ml. The ribonuclease mixture was boiled for 5 min to remove any deoxyribonuclease activity. a-Amylase (10 Mg/ml; Calbiochem) was added to remove carbohydrate contamination. The crude DNA was incubated for 4 hr in a boiled dialysis bag against SSC. The Pronase step was repeated, and the DNA was ethanol-precipitated and suspended in 0.1 x SSC. Residual protein contamination was removed by treating the DNA with chloroform-isoamylalcohol until no protein was detectable and the DNA was precipitated by ethanol.
Fixation of DNA to nitrocellulose filters and estimation of specific activity. press. Vegetative RNA was then separated by centrifugation in a 5 to 20% sucrose gradient in a buffer containing 0.1 M NaCl, 0.01 M Tris (pH 7.4), and 0.001 M MgCl2. The 18S RNA peak fractions were pooled, precipitated by ethanol, and suspended in water for hybridizations.
The concentrations of all RNA species were determined spectrophotometrically. A slight correction for acrylamide contamination in the RNA species obtained by preparative gel was also made. Acrylamide absorbs ultraviolet light (UV) approximately 3.5 times more at 250 nm than at 260 nm, whereas pure RNA has a spectrum in which the absorbance at 250 nm is approximately 0.85 that of 260 nm. The presence of low levels of acrylamide does not appear to interfere with filter hybridizations.
Hybridizations were carried out for 20 hr, after which the filters were washed, treated for 1 hr with ribonuclease (8), washed, and dried. Excess salt was removed by washing with 1 ml of distilled water (15) , and the dried filters were then dissolved in 1 ml of ethyl acetate for counting in PPO-POPOP. The amount of RNA per microgram of DNA hybridized was determined by counting 3H and S2P activity of the filters.
Determination of RNA base ratios. RNA was hydrolyzed in 0.2 N NaOH at 37 C for 18 hr. The hydrolysate was then spotted on Whatman 3MM chromatography paper and saturated with a buffer containing 0.5% pyridine, 5% acetic acid, pH 3.5 (14). The individual bases were then separated by a Savant electrophoresis system at 5,000 V for 2 to 3 hr.
The radioactive areas which were localized by autoradiography on the electropherogram were then excised and counted to determine the relative amount of radioactivity in each base.
Materials. Materials were obtained from the following: 3 MM paper and CF11 cellulose from Whatman Paper Co.; 3H-adenine (6.1 Ci/mM), [8- '4C]adenine (6.6 mCi/mmole), L-[methy13HJmethi-onine (147 mCi/mmole), and carrier-free 32P-phosphoric acid from New England Nuclear Corp.; pancreatic ribonuclease from Worthington; T1 ribonuclease from Calbiochem; 8-hydroxyquinaline from Sigma; and acrylamide and bisacrylamide from Eastman Kodak.
RESULTS

Further chemical characterizations of 20S
RNA. Kadowaki and Halvorson (6, 7) have described the kinetics of appearance of 20S RNA during sporulation. To explore whether the 20S is derived from preexisting 26S RNA, the experiment shown in Fig. 1 was conducted. In this experiment, vegetative cells were prelabeled with 3H-adenine, washed, and transferred to sporulation medium containing 32P as described above. After 18 hr in sporulation medium, RNA was extracted and separated on polyacrylamide gels, and the varying fractions is accumulated almost exclusively in the two ribosomal RNA peaks. During sporulation as followed with 32p(-), a third peak, 20S RNA, is also found.
were sliced and measured for 3H and 32P. As can be seen, prelabeled RNA is almost exclusively in 26 and 18S fractions with a ratio of 1.7: 1. In 32P labeling, a 20S component is clearly evident, and the ratio of 26S to 18S has been increased to 2:1. Also note that a small fraction of 3H counts are included in the 20S peak. As has been previously shown (5), RNA tumover is evident during sporulation. Undoubtedly this reflects recycling of prelabeled RNA to the adenine pool and reincorporation into RNA during sporulation, since no 20S stable RNA peak is observed when RNA is prepared from vegetative cells.
If the 20S RNA component represents a late processing precursor for ribosomal RNA, one would anticipate that this species would be methylated. To test this possibility, cells were grown to stationary phase in YEP, washed, and transferred to sporulation medium con- substantially methylated as expected. However, 20S RNA contains little, if any, label from methionine and therefore is not significantly methylated. It is of interest that, in vegetative cells, methylation appears to occur at the 35S precursor level (17) . Thus, in the case of the vegetative cell, when the 20S RNA precursor of 18S RNA appears it is already methylated.
In characterizing the nature of the 20S RNA, the RNA base compositions were reexamined. RNA was prepared as described above. After the removal of acrylamide, the separated 26, 20, and 18S were subjected to alkaline hydrolysis, and the bases were separated by paper electrophoresis. The individual bases were identified, and the spots were excised and counted for 32P. The data in Table 1 20S RNA and 18S RNA labeled with 32P were isolated from sporulated cells as described above. As seen in Fig. 3 , essentially similar saturation plateau results (ca. 0.7% of the DNA) were observed when labeled 18S and 20S RNA from sporulating cells were hybridized with denatured nuclear DNA from the S. cerevisiae strain D649. The saturation plateau (Fig. 4) . In the control experiments, labeled 18S RNA from sporulated cells is competed completely by 18S RNA from vegetative cells. However, in the parallel competition experiment employing labeled 20S RNA from sporulating cells and unlabeled 18S RNA from vegetative cells, a portion of the 20S RNA was not competed by the 18S RNA. From a double reciprocal plot of the competition data of Fig. 4 , one can estimate that 30% of the 20S RNA is nonhomologous with the 18S RNA. Thus, the findings from the hybridization competition experiments are consistent with the saturation plateaus in showing a larger size of the 20S RNA. The remaining 70% is clearly homologous to 18S ribosomal RNA by hybridization criteria.
Kinetics of ribosomal RNA synthesis during sporulation. To understand the accumulation of 20S RNA during sporulation, it is necessary to follow the kinetics of ribosomal RNA synthesis during this same period. To follow the processing of precursors into mature ribosomal RNA, cultures were sporulated for 6 hr and then labeled for 10 min with 32P. Excess unlabeled inorganic phosphate in 0.5% potassium acetate, pH 9, was added after 10 min to a final concentration of 0.5 M. Samples were removed at intervals and harvested, and DNA was isolated as described above. Figure 5 shows the distribution of counts from polyacrylamide gels at various times during the chase experiments. It is of interest that during sporulation the chase is not completely effective. Even after the addition of excess inorganic phosphate, the total amount of 32P continues to accumulate, although at a rate of 0.10 that prior to the chase. One possibility is that during the initial labeling period polyphosphate reserves accumulate, as is well known in vegetative cells and resting cells (11, 16) , and during the chase this polyphosphate reserve may be preferentially utilized for RNA synthesis. The time course of ribosomal RNA processing in sporulating cells is remarkably slow. In the vegetative cell, the 27 and 20S ribosomal precursor RNA appear within 5 min of the addition of the label, and 26 and 18S stable RNA species appear by 10 min (4). In contrast in the sporulating cell, the 27S and 20S precursors do not appear in significant quantities until after 1 hr. At this time, no significant amount of 26 or 18S ribosomal RNA is observed. After 120 min, both the precursors and the mature species are evident. It is not until 240 min that the same pattern observed in long-term labeling experiments is found. At this time, no 27S precursor is detectable; however, a significant amount of 20S RNA still remains. Although the lack of a complete chase may lengthen the total time of processing before the final stable RNA pattern is observed, it is clear that at least for the first hour, ribosomal RNA processing is unaffected by a residual accumulation of RNA. Furthermore, the processing of ribosomal RNA in the sporulating cell is approximately 10 times slower than that found in vegetative spheroplasts (18 Asg of cycloheximide per ml is shown in Fig. 6 .
%A \ vJ XThe processing of RNA during the chase experiments was identical to that previously ob-0 LJfi, . , served in the absence of cycloheximide for the 120' first hour (Fig. 5) Fig. 6 , however, the 20S RNA does not break down with subsequent incubation, whereas it appears that the 27S species is degraded over long time. From these results, we conclude that by polyacrylamide gel electrophoresis it is impossible to distinguish between the precursor 20S RNA which is accumulated by cycloheximide and the 20S RNA which remains stable during sporulation. By analogy with the results found in the vegetative cell, however, it would be expected that the precursor RNA which is accumulated in the presence of cycloheximide should be methylated, since, at least in the vegetative cell, all of the precursor RNA species are methylated prior to conversion to the mature species (17) . Because of the difficulty of incorporating a significant amount of labeled methyl groups into RNA during a pulse experiment in sporulation, it was not possible to confirm directly this observation in the sporulating cell.
The interesting feature of the sporulation system is that submethylated 20S RNA accumulates in spite of the fact that 18S RNA as well as the larger species are methylated. It is possible that during sporulation at least a fraction of the ribosomal RNA cistrons are transcribed but not methylated. Vaughan et al. (19) 
